Smoke is one of the major hazards on to the occupants in atrium fires. It is commonly accepted that the smoke should be timely exhausted. Make-up air must be supplied simultaneously to the atrium in order to keep the smoke exhausting efficiency. The amount of make-up air therefore acts as a key factor of the smoke management system design. Numerical simulations were performed in this study to investigate the impact of make-up air on the smoke exhausting efficiency. Results show that when a 30% or more of the amount of smoke exhaust for make-up air is able to be kept smoke exhausting process efficient. The "as much as possible" concept for make-up air should not be considered regarding the research results.
Introduction
Atrium buildings, covered malls, sports grounds, exhibition halls and airports have become more and more popular in recent decades. Atrium-style buildings have unique fire characteristics where traditional fire compartment is hard to comply with these occasions. In the mean time, as the smoke temperature is relatively lower due to the height when fire occurs, the application of traditional sprinkler system is restricted [1] . Therefore, smoke management is an important strategy that ensures fire safety in atria.
The atrium smoke management has been studied by number of researchers [2] [3] [4] [5] [6] [7] . These studies include smoke flow patterns in large space, the mass flow rate of smoke and the arrangement of exhaust vents, these studies have been good guidance on the design of smoke management system in atria.
Klote [8] described in the literature that make up air is an important factor in atrium mechanical smoke extraction system. Make up air might be supplied either mechanically or naturally, it strongly affects the efficiency of mechanical smoke exhaust system and should not be ignored.
Nomenclature N coefficient T n temperature difference between smoke and ambient air, T 0 ambient temperature, T max the maximal value of smoke temperature in vertical direction, Klote [9] also stated that the mass flow rate of make up air should equal to that of smoke extraction. "Code design on building fire protection and prevention (GB50016-2006)" [10] No. 9.4.5 clause and "Code for Fire Protection Design of Tall Buildings (GB50045-95)" [11] No. 8.4.2.3 clause specified the amount of smoke extraction of atrium with different volumes. But for the amount of air supply, the codes have not any specification. Zhu [12] found that the amount of make up air should not be less than 70% that of smoke extraction in atrium smoke extraction design.
For the amount of atrium air supply we can see from literature that there have been different requirements, this brings difficulties to the atrium smoke management system design. In this paper, a computational fluid dynamics model are used to study the smoke extraction system efficiencies in an atrium under different amounts of make up air. The results give some guidance for atrium smoke extraction design. 
Numerical model

FDS
Field simulation program FDS developed by NIST was used [13] . FDS is a fire-driven fluid flow Computational Fluid Dynamics (CFD) model. The model solves the Navier-Stokes equations of heat-driven flow suitable under low speed, with the emphasis on smoke caused by fire and heat transfer problems. The partial differential equations with the conservation of mass, momentum and energy are solved by the finite difference method, the solution is real-time three-dimensional straight line grid correction information. The thermal radiation is calculated by using the finite volume techniques in the same grid. Turbulent fluid phenomena exists in fluid flow, there are two ways handling turbulent flow by FDS, namely, large eddy simulation (LES) method and direct numerical simulation (DNS) method, in view of computer calculation speed and memory limitations, the paper uses large eddy simulation.
Domain and simulation conditions
The atrium dimensions are 50 m × 25 m × 24 m (length × width × height), the simulation grid size is 0.5 m × 0.5 m × 0.5 m, the grid size near fire zone is 0.2 m × 0.2 m × 0.2 m whose simulation zone is 6 m × 6 m × 10 m, the fire is located in the center of the computational domain (25,12.5,0), the fire size is 1m×1m, the heat release rate per unit area is 5000 kW/m2, with kerosene as the combustion materials, the simulation time is 400 s.
Two strings of thermocouples are arranged symmetrically in both sides of the fire, with horizontal coordinates of (35, 12.5) and (15, 12.5), the horizontal distance between the thermocouple trees and the fire is 10m. There are 24 measuring points in each tree, the vertical spacing between adjacent points is 0.5 m, the height of the highest measurement point is 23.5 m.
The volume of simulation space is 30000 m 3 , according to the code [11] , the smoke extraction volume rate is determined in accordance with the air change number. Due to the space volume being larger than 17000 m 3 , air exchanges rate is taken to be 4 times/h, then smoke extraction volume rate is calculated to be 120000 m 3 /h. A smoke vent is located at the top of the space with a center coordinate of (25,12.5, 24), the smoke extraction speed is taken 10 m/s, corresponding to the smoke extraction area is 3.33 m 2 , and the size is set to 3 m × 1.11 m. The make up air volume rate is taken as 30%, 50% and 70% of the smoke extraction volume rate, and is calculated to be 36000 m Table 1 . 
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V o l u me r a t e o f ma k e u p a i r At 150 s, 250 s and 350 s, the measured temperatures above the smoke layer changed a lot. For example, at 250 s, at the measuring point whose height is 15.5 m, when the amount of make up air is 30% of the exhaust volume, the temperature is 34.1 ; , the temperature is 37. 9 and 43.9 at 50% and 70%. At different height of the same time, the smoke temperature under a make up air of 30% of the smoke extraction volume rate is smaller than that of 50% and 70%, which indicates that efficiency of mechanical exhaust is highest under such 30% condition. According to the numerical simulation results, the smoke layer height is determined by the N-percentage method [14] which is mainly based on the vertical temperature profile and is widely used in experimental analysis. The Npercentage method is expressed as follow: According to the N-percentage method, the smoke layer height changes against time is obtained under different make up air conditions, which is illustrated in Fig. 6 . It is shown in Fig. 6 that when the amount of make up air is 30% of the smoke extraction rate, the smoke drops slower. At 150s, the smoke layer height is 13.5 m for 30% make up air conditions, 11 m for 50% make up air conditions and 9.5 m for 70% make up air conditions. The final smoke layer heights were 8.5 m, 4.5 m and 4.5 m respectively. Figs. 7-9 are the shapes of the plume at 120s, 240s under make up airs of 30%, 50% and 70% of exhaust volume. Fig 7 shows that the plume is vertical with an amount of make up air being 30%. Fig 8 and f Fig 9 show that the plume is tilted by the increase of make up air. Under the tilted plume, the amount of air entrainment increases and the smoke production rate increases, so smoke filling rate increases.
Results and discussion
Influence of different amount of make up air on smoke temperature
Influence of different make up air on plume shape
Conclusion
In this paper, numerical simulations are conducted to preliminarily study the effect of make up air on the efficiency of mechanical smoke extraction in atria. The results show that when the amount of the make up air is 30% that of the smoke extraction volume rate, the smoke extraction efficiency is good. If the amount of the make up air is too large, the efficiency decreases because the make up air increases the disruption onto the smoke and reduce the efficiency of mechanical smoke extraction.
